In this study, the feasibility of ternary mobile phases was examined in a highperformance liquid chromatography (HPLC)-based analysis of carbonyl compounds (CCs). To test the performance of different ternary phases, the liquid phase standards containing a 15 aldehyde/ketone-DNPH(o) mix were analyzed through a series of fivepoint calibration experiments. For this comparison, three types of ternary mobile phases were prepared initially by mixing water (W) with two of the following three organic solvents: isopropanol (I), methanol (M), and tetrahydrofuran (T). The resulting three types of ternary phases (named as WIM, WTM, and WIT) were tested and evaluated in relation to the water content or in terms of methanol-to-water ratio (M/W). The results derived by the three ternary phases revealed that the optimal resolution was attained near maximum water content, while those of WIT consistently suffered from poor resolution problems. The relative performances of WIM and WTM phases, if assessed by three key operating parameters (sensitivity, retention time, and resolution), were found to be reliable for most selected CCs with the decreasing M/W ratio.
INTRODUCTION
Carbonyl compounds (CCs), including low-molecular-weight aldehydes and ketones, are ubiquitously found in diverse environmental settings. As CCs can exist in a heterogeneous mixture of gas, liquid, and particulate phases, their pollution is observed in all types of environmental compartments, i.e., the atmosphere, oceans, and soil systems [1] . These compounds are also known to initiate the formation of photochemical smog or to sustain reactions leading to ozone formation. In addition, they act as the precursors of free radicals, ozone, peroxyalkyl nitrates, peroxyalkylbenzylates, and organic acids [2] , or as the products of photo-oxidation of gas-phase hydrocarbons [3] . Furthermore, CCs are one of the major hazardous pollutants in the urban atmosphere due to their potential impact on human health, including toxins, corrosives, irritants, mutagens, and carcinogens (e.g., formaldehyde and acetaldehyde) [1, 4] . As a result, CCs have commonly been investigated in numerous interdisciplinary studies covering environmental pollution, health-related studies, food chemistry, and industrial safety [5] .
The most abundant CCs in ambient air are usually represented by formaldehyde and/or acetaldehyde [6, 7, 8] . As such, changes in their concentration levels are often reflected by local photochemical activities and the consequential air pollution [9] . Due to the important role of CCs in air quality maintenance, efforts to reduce their concentration levels have drawn a great deal of attention as one of the most imminent issues calling for intervention in many countries [10] . Possible sources of CCs are diverse enough to include natural vegetation, wood combustion, ethanol-fueled vehicles, industrial plants, cigarette smoke, incomplete combustion of biomass, fossil fuel burning, candles, and incense [9, 11, 12] . Carbonyls can also be formed by atmospheric oxidation of gaseous polycyclic aromatic hydrocarbons (PAHs) or volatile organic compounds (VOCs) in liquid or particulate phases [1] . Indoor sources, such as insulation, tobacco smoke, furniture, and particle board, can also contribute to its budget. Because of unique relationships between CCs, their concentration ratios (e.g., formaldehyde to acetaldehyde and/or acetaldehyde to propionaldehyde) are often evaluated to explain the processes affecting their relative distributions [13, 14] . As such, the monitoring of CCs in the atmosphere is also the primary way to explore the oxidation pathway of VOCs [13, 14] .
Despite the recognition of the potential role of CCs in atmospheric chemistry, there have been many limitations in the identification of unknown carbonyl species and their quantification at trace-level quantities [15] . Many researchers have developed techniques to determine CCs and volatile organics in air through the assessment of their behavior and exposure pathways over a variety of spatial and temporal scales [16, 17, 18] . One of the most common trends in their analysis can be summarized as the use of a hydrazine reagent. Such applications employed a substrate coated with various reagents (e.g., sodium hydrogen bisulfite, 2,4-dinitrophenylhydrazine, chromotropic acid, or N-methyl-4-hydrazino-7-nitobenzofurazan) to chemically trap the analytes [19, 20, 21, 22, 23, 24] . Their instrumental detection is then commonly completed by high performance liquid chromatography (HPLC) with ultraviolet-visible spectroscopy (UV-VIS) detectors or gas chromatography (GC) methods [12] . However, the use of the GC method is known to be affected by such factors as the decomposition of CC derivatives or the lack of proper adsorptive materials (e.g., [12] ). As the GC technique has not gained full confidence, its application has been confined to a number of well-defined CCs. Although photometric or fluorescence spectroscopy can also be employed for the analysis of CCs (e.g., formaldehyde and acetone) in air samples, these techniques can suffer from low sensitivity or interfering components (e.g., ozone) [5] .
As a means to overcome the various technical limitations in CC analysis, the HPLC method has been validated most intensively via in situ derivatization of carbonyls with 2,4-dinitrophenylhydrazine (DNPH[i]) [25] . In an effort to find the most appropriate elution conditions for CCs, HPLC-based methods have been developed through the diversification of mobile phases with various compositions. The supplementary laboratory efforts to develop the HPLC method have, in fact, greatly contributed to the accumulation of a database for atmospheric CCs. In order to help describe the optimum operation conditions of the HPLC system, we undertook a series of experiments in which the relative performance of its mobile phases was tested [26] . As the main goal of this study, we provide and discuss experimental results derived using these ternary mobile phases with the diverse composition for the analysis of CCs.
MATERIALS AND METHODS

Solutions and Preparation of the Working Standard (WS)
In this article, HPLC-based analytical methods were investigated using standards containing a liquid phase mixture of 15 aldehyde/ketone-DNPH. As shown in Table 1 , these 15 CCs consist of formaldehyde (FA), acetaldehyde (AA), acrolein (AR), acetone (AT), propionaldehyde (PA), crotonaldehyde (CA), butyraldehyde (BA), benzaldehyde (BZ), isovaleraldehyde (IV), valeraldehyde (VA), o-tolualdehyde (OT), m-tolualdehyde (MT), p-tolualdehyde (PT), hexaldehyde (HA), and 2,5-dimethylbenzaldehyde (DB). In the course of this study, a method based on the formation of a derivative mixture was consistently employed for the analysis of carbonyls with the support of the UV-VIS detector. For the purpose of this study, a number of ternary mobile phases were prepared and tested against the HPLC systems to evaluate the optimum separation conditions of the selected CCs. Initially, preliminary experiments were conducted to study binary, ternary, and quaternary mobile phases (e.g., [26] ). In this study, we extended our efforts to focus on various combinations of ternary phases. The results of the preliminary experiments confirmed that the tests for quaternary mobile phases demand a high throughput size, while those of binary phases have limited selectivity. In light of such complexity involved in the selection of the mobile phase types, we attempted to derive the optimized operation conditions of HPLC with these ternary mobile phases. To this end, all the solvents were prepared to form three types of ternary mobile phases by mixing water (W) with two of the following three organic solvents: methanol (MeOH), tetrahydrofuran (THF), and isopropanol (IP). Hence, three types of ternary phases can be derived with the combination of (W): (1) WIM by mixing with isopropanol (I) and methanol (M), (2) WTM for tetrahydrofuran (T) and methanol (M), and (3) WIT for isopropanol (I) and tetrahydrofuran (T). The results of all ternary phase experiments were put together and then evaluated to derive the best qualification of CCs, e.g., in terms of resolution, sensitivity, and run time. To separate the sum of 15 CCs by our HPLC system, the WS were eluted through a Hichrome C18 column (250 mm  4.6 mm  5 μm) at a constant flow rate of 1.5 mL min -1 . Our experiments were designed to explore the three types of ternary mobile phases for the optimum detection of 2,4-dinitrophenylhydrazone (DNPH[o]) derived from the pure 2,4-dinitrophenylhydrazine (DNPH[i]). (Here, the lower-case letters of i and o denote before [-zine] and after the derivatization [-zone], respectively.) The performance of these ternary mobile phases was examined in reference to the most commonly used mobile phase combination, known as the binary mixture of water and acetonitrile (ACN) (e.g., water:ACN [30:70] ). In order to prevent problems with contaminants or bio-organisms on manifestation of results, ultrapurified water was supplied via a water purification system. ACN and MeOH were supplied by J.T.Baker (USA), while THF and IP were purchased from Dae-Jung Chemicals & Materials (Korea).
The primary standard (PS) of CCs was purchased as a mixture of 15 CCs DNPH(o) with T011/IP-6A aldehyde/ketone-DNPH(o) mix (catalog number 47285-U, Supelco). The concentration of all CCs in this PS was preadjusted to 15 μg mL -1 . In addition, the PS for each individual compound was also purchased from Aldrich-Sigma, with the purification level of at least 97%. Chemicals of analytical grade were used for these individual carbonyl standards, which can react with the pure DNPH(i) to form DNPH(o) derivatives. A pure form of DNPH(i) solution was also prepared and used to induce the derivitization reaction for carbonyls. These individual chemicals were used mainly to identify each CC in the case of coelution. All solutions were stored in amber bottles to preclude any volatilization or decomposition of each carbonyl. All of these standard chemicals were stored in a refrigerator between 2 and 8 o C to meet the storage condition of the manufacturer.
The procedures used for the preparation of the WS can be described as follows. The WS was prepared by mixing the PS with a suitable quantity of ACN to the final volume of 1500 μL ( Table 2 ). The standard vials were then sealed with an aluminum crimp cap to allow the least headspace under the dark conditions. These WS were generally stable for about 8 weeks in the refrigerator. For each of all possible mobile phases considered for evaluation, a five-point calibration was conducted by injecting 20 μL of five individual WS representing the concentrations of 0.15, 0.3, 0.6, 1.2, and 2.4 μg mL -1 . To facilitate the identification of individual components in each chromatogram, the WS prepared for individual components was also tested occasionally for coeluted peaks.
The detection of CCs was completed by HPLC (Lab Alliance 500) equipped with a UV-VIS detector and dsCHROM software (ISA version) for peak integration. Because the hydrophobicitiy of the hydrazones can vary widely, the use of a gradient condition is recommended to elute CCs in a reasonable time. However, as only one pump was used to handle the mobile phase in our system, we changed the composition of mobile phases for each type of testing condition with isocratic elution. Each mobile phase for comparative experiments was hence mixed and filtered through a microglass funnel coupled with refilter paper (0.45-nm polyester membrane) to prevent any contamination. All other glass apparatuses were cleaned carefully before use to reduce the risk of contamination as well. The flow rate applied for HPLC analysis in this study was maintained at a fixed flow rate of 1.5 mL min -1 for all experiments. The detector was kept at an optimum wavelength of 360 nm. 
Evaluation of Peak Separation for a Given Mobile Phase
As one criterion to estimate the reliability of each mobile phase selected for the comparative test, the quality of peak separation can be approximated numerically by the following equation [27] :
Here, t and w are the retention time and the peak width, respectively, for the two compounds of 1 and 2. The -w‖ value is derived by the baseline width between two tangents drawn to the peak baseline. Eq. 1 can also be modified with a half-peak width (at the half height of peak) as follows:
Here, w 0.5,1 and w 0.5,2 are the peak widths measured at half height for peaks 1 and 2, respectively. The measurement of half-height method for the resolution quality has been commonly employed, as this approach is more convenient than that for the baseline width [27] . In fact, in the case of complicated baseline, the use of half-height width is a practical alternative method to solve such a problem [27] . On many occasions, the simulation approach of Dolan [27] was used to evaluate the extent of resolution from all coelution cases. To evaluate such cases in a reasonable manner, the following approaches were employed [26] . In case of coelution, the second peak was allocated to assign the R s value for the given coeluted pair, while the first peak was assumed to have a symmetrical shape. As such, the R s value for a given compound was calculated by its own peak and the preceding peak. Consequently, no R s value was assigned to the first eluting compound, FA. Each of the two peaks observed in our study was thus separated theoretically and evaluated to derive their own R s values, except FA. If the separation was good enough to distinguish each peak, we assigned this optimal case as level I (i.e., 1.75. In the case in which two peaks with different heights occurred, the quality of their separation was verified in a stepwise manner. First, the valley height between two peaks was assessed and compared with the shorter peak height of the two. The resolution of level II was assigned so that valley height between two peaks should not be >20% of the shorter peak height (1.5 ≤ R s < 1.75). At last, level III was assigned for the peaks with the poorest separation in which the valley height (between two peaks) was >20% of the shorter peak height (R s < 1.5). Because of large peak tailing, those peaks with level III should be considered the lowest resolution based on peak width (or half-peak width). Overall, the levels of I and II status were used arbitrarily as acceptable resolution levels for the coeluting peaks.
RESULTS AND DISCUSSION
Overview of Ternary Mobile Phase Experiment
The common mobile phase in the separation of aldehydes and ketones has been the mixture of ACN:water (e.g., AW = 70:30) [26] . Hence, for each experiment, the elution condition of this AW mixture was used as the main reference for all experiments conducted subsequently with diverse mobile phases. As mentioned earlier, all of our experiments were conducted in two different stages depending on the mobile composition. As shown in Table 3A , a total of 13 experiments had been initially conducted as the preliminary stage test (experiment stage I) to examine the performance of the binary and quaternary mobile phases. This type of mobile phase was prepared by mixing water with either one (binary) or all three components of THF, IP, and MeOH (quaternary). The results of this preliminary stage test were generally not reliable enough to derive stable patterns due to either the mixed peaks (coelution) or poor resolution. In general, both binary and quaternary mixtures prepared in this study were eluted rapidly (i.e., in less than 5 min); peaks were thus drawn at a very close position or coeluted with the others. The results of stage I experiments showed that none of binary mixtures was satisfactory, while those of quaternary experiments brought out too many sets of throughputs to evaluate. It was noted, however, that the patterns for quaternary mixtures improved gradually with the increasing water content (e.g., from 5 to 10 or 20%). Due to this complication, the second stage experiments (Table 3B) were undertaken to focus on the performance of ternary mobile phases. These stage II experiments were designed to cover all possible ternary combinations between water and either two of the three target solvents (I, M, and T). For this reason, the results of stage I experiments were not evaluated further, while those tests were helpful enough to infer a suitable range of water content for the stage II experiments. Thus, the composition of water in these ternary experiments was set to constitute from as little as 20 to 40% of the total mobile phases.
Resolution Patterns of Different Experiments
Assessment of the Main Reference Mobile Phase (ACN:Water)
For the reference mobile phase, ACN:water had been recommended by Supelco. Since then, many organizations or institutions have used such a formula as one of the optimized separation conditions for CCs-DNPH(o). Table 4A . If the level of the resolution is assessed for each peak, as many as 10 compounds fell into a category of wellseparated peaks in this reference chromatogram (i.e., the level of I and II). Pairs of peaks, such as IV (9) and VA (10), were resolved with the resolution level II. Note that the numbers in parenthesis denote the order in which CCs are organized in Table 1 . However, except for those 10 peaks, the poorest resolution (III) was seen from the following five CCs: AR (3), OT (11), MT (12), HA (14) , and DB (15). The two peak groups of (1) OT (11) and MT (12) and (2) HA (14) and DB (15) had the lowest R s value with level III. The results of Supelco showed a pattern comparable to our study, although their run time for analysis (18 min) was slightly extended relative to ours (12 min) [28] . Although Prieto-Blanco et al. [30] used shorter column (C18 Symmetry® 3.5-μm particle size [150-× 3.0-mm ID] with a precolumn 3.5 μm [10-× 2.1-mm ID]), these authors were able to determine both CCs and PAHs simultaneously in airborne particulates. The pair of AT and PA, and geometrical isomers of (o-, m-, and p-) tolualdehyde, have commonly been cited as the mixtures of poor separation [1, 29] . Nonetheless, if the calibration slope values for this binary elution (ACN:water = 70:30) are assessed, the results confirm good linearities for all 15 peaks from five-point calibrations (R 2 > 0.99). As these compounds are determined in less than 12 min, the results of these binary mobile mixtures can be used to provide highly valuable information to check the elution conditions for all CCs determined by various mobile phases.
Evaluation of the Ternary Mixture Type 1 -WIM Mobile Phase
As the first set of our ternary phase tests, the result of the WIM experiments was examined initially. The composition of the WIM phase was adjusted to vary with the 5 to 10% incremental volume of each solvent (Table 3B ). In general, when the water content of experiments exceeded 30%, the HPLC system was automatically transitioned to the stand-by mode due to overpressure of the system (experiments No. 209, 210, and 211). In these cases, pump pressure was exceeding the permissible range to shut down the HPLC. Consequently, we had to ignore the results derived with all those suffering from pressure problems. In addition, the changes in IP content (e.g., IP > 20%) in conjunction with increasing water were also sensitive enough to disable the system in the same manner (e.g., experiment No. 204). Hence, these conditions were considered in the basic design of the ternary phase experiments. Fig. 1 illustrates specifically some optimum cases of chromatograms derived by the WIM phase. As there were no significant differences in their separation patterns, these results were compared at water content levels of 20, 25, and 30%. In the case of the 20% water level, all peaks showed good resolutions except for the following five peaks: AT (4), PA (5), OT (11), MT (12) , and PT (13) (Fig. 1B) . As water content started to increase from 20%, the resolution patterns for several peaks (OT, MT, and PT) improved considerably. Ochs et al. [29] reported that all types of binary combination between water and MeOH are not satisfactory to separate CCs. However, they found that the addition of isopropanol can make pump pressure higher than the pure binary phase (i.e., without isopropanol), as is observed in our study. The general indications of our study result thus confirm the fact that an increase in water content facilitates the separation of peaks, although the maximum quantity of water is limited by approximately up to 35%. Note that the separation of all compounds was completed in less than 12 min for the mobile phases with the least water content (20%), while those of 30% lasted up to 35 min. As such, the highest resolution was achieved at or near the maximum content of water (30%), despite the counteractive extension of run time. In addition, as the extended run time consumes more mobile phases, one must find the compensation point between the numerous contrasting aspects.
Evaluation of the Ternary Mixture Type 2 -WTM Mobile Phase
As the second set of ternary phase experiments, all matches for WTM were examined at 5% incremental volume of water from 20 to 35% (Table 3B ). In most experiments done in the WTM phase, carbonyls were separated fairly effectively with the exception of experiment No. 311. This extraordinary pattern in experiment No. 311 is due to excess water (e.g., 40%), which caused an overpressure problem. Note that even at 35% water (experiment No. 310), the system was not able to operate properly due to excessive pump pressure. As shown in Fig. 2 , tailings of coeluted peaks, e.g., MT (12) , and PT (13), were observed in many WTM experiments. Coelution of a peak group, AR (3) and AT (4), tends to occur consistently in experiments with water content of 20 and 25% (e.g., experiments No. 301 and 305). In most WTM experiments, the separation of three compounds, OT (11), MT (12) , and MT (13), was generally restricted except for experiment No. 310. These three compounds eluted either as a mixed peak (experiments No. 301-304) or with poor separation (e.g., experiments No. 305-309). Although many modern HPLC methods rely on the gradient mobile phase as an eluent for aldehyde/ketone analysis, tolualdehyde with three different isomers (o-, m-, and p-) is still recorded as the most unseparable group due to the same polarity [30] . These authors found that the addition of THF in the ternary mobile phase at low percentage led to a better resolution for the lighter CCs across AR, AT, and PA. It is interesting to note that they were able to separate AT from AR using a column (Symnetry 150 mm) that is shorter than ours (Hichrom 250 mm).
Evaluation of the Ternary Mixture Type 3 -WIT Mobile Phase
As the third set of the ternary mobile phase, the patterns for WIT phase were evaluated (Table 3 ). All WIT experiments were conducted in a manner analogous to those of the WIM and WTM phases. The results of WIT phases organized at incremental volume of water from 5 or 10% show that four out of 10 combinations (e.g., experiments No. 404, 407, 409, and 410) did not work properly due to an excessive pressure problem, as explained above. This overpressure problem occurred very frequently from the WIT phases relative to other ternary phases, as shown in each type of water composition (Fig. 3) . It is thus expected that the increase in water content of the WIT mobile phase should promote the overpressure problem of the HPLC system. As all WIT experiments were subject to the highest pressure conditions, most peaks exhibited very poor separation with the least number of peaks (4-7) (Fig. 3) . As a result, the run time for most WIT experiments was fairly short (e.g., <4 min) with many cases of coelution. Overall, these WIT experiments were not effective in yielding good separation of CCs. Due to this restriction, we confined most of our discussions to experimental results derived from the WIM and WTM phases.
The Effect of Three Key Variables in HPLC Analysis
Comparison of R s between Different Ternary Phases
In order to allow the comparison of peak separation patterns between different ternary mobile phases, R s values derived for each individual mobile phase composition are documented and compared in Table 4 . The results of both WIM and WTM experiments indicate that the poorest resolutions tend to occur most intensively in either lighter carbonyls of AR, AT, and PA (3) (4) (5) or heavier ones of OT, MT, and PT (11) (12) (13) . The distinction of resolution between aliphatic, aromatic, and unsaturated CCs were also observed [31] . The increase of carbon chain in molecular structure was attributed to the main cause of poor separation (e.g., the formation of geometrical isomers between OT, MT, and PT). To specifically describe the resolution trends of different CCs between WIM and WTM, the most representative R s values for the ternary phase experiments (e.g., No. 208 and 310) were normalized by the reference calibration results of ACN:water (70:30). The results of this normalization, as shown in Fig. 4 , indicate that there are slight differences in resolution trends between WIM and WTM. In general, most R s values of the WTM experiments tend to maintain better resolution than WIM experiments. The only exceptions from such trends were seen from MT and PT with the least resolution level. As mentioned before, AT (4), PA (5), MT (12) , and PT (13) still exhibited the poorest resolution relative to the reference experiment (No. 100).
In the case of the lighter CCs, the weakest resolution of WIM phase is observed from PA (5), while that for WTM is AT (4). The WIM results show that the R s values for PA were derived from only two out of all seven experiments, although those scarcely derived R s values tend to be significantly large enough to exhibit good resolution. In contrast, the results of WTM experiments indicate that the R s values of AT are derived from three out of all 10 experiments. Likewise, this type of contrasting trend between two mobile phases is also observed from heavier species such as MT (12) and PT (13), as summarized in Table 5 . If the resolution data are evaluated in terms of maximum number of CCs with the R s rating, the experiments conducted at the highest water content are found consistently to yield the optimal patterns. to obtain the maximum number of separation, mobile composition used in those experiments should be considered first for both mobile phases.
Relative Sensitivity
In order to examine the relative performance of each ternary phase, the results derived from each experiment can also be evaluated on the basis of such variables as sensitivity or retention time. Note that our peak areas were integrated electronically by software (DsChrom). However, as each component in multiple peaks cannot be integrated independently, manual integration often became inevitable. To evaluate the relative ordering of sensitivity for each ternary phase combination, all calibration slope values of each CC derived from the model experiments of WIM and WTM phases were compared with those derived from ACN:water datasets. The results depicted in Fig. 4 generally indicate the enhancement of slope values with the increasing molecular weights. Although the WTM experiments for most CCs showed better R s values than those of WIM, the relative sensitivity of WTM tended to be lower than their WIM counterpart. In addition, the sensitivity of both WIM and WTM experiments is greatly distinguished between lighter and heavier CCs. Most noticeably, the sensitivity of the lighter CCs in both ternary phases tends to be moderately reduced relative to the ACN:water mixture. In contrast, the results derived from heavier CCs show significantly enhanced sensitivity in both phases. One can thus conclude that the use of these ternary mobile phases should affect the sensitivity of the HPLC technique in relation to the molecular weight of the target CCs and type of mobile phase combination, to a certain extent.
Retention Time
In general, the better resolution of multiple peaks often requires an extension of the run time for allowing each peak to appear at its own retention time. Hence, it is necessary to find a balancing point that can satisfy good resolution within a reasonably short run time. To assess the basic properties of separation by ternary phases investigated in this study, the run times of all CCs are summarized in Table 3 . As an important parameter in the qualitative analysis, information of this run time data provides not only time of elution, but also the volume of mobile phase for consumption. The results of stage I experiments generally showed fairly short run times for both binary and quaternary (e.g., <5 min). In the case of experiments done with ternary mobile phases (experiment stage II), such fast separation was also seen in the WIT phase. In contrast, the results of the other two ternary mobile phases (WIM and WTM) were recorded in a greatly extended time for the completion of each experiment. The run time values of these latter two ternary phases varied in a wide range from 12 to 90 min as a function of their relative composition. The longer run time accompanied by the increased water content was also observed in a previous study (e.g., [32] ). Besides, run time is known to be affected by other factors, such as temperature, pH value of mobile phase, elutent, or the kind of eluting column [14, 20] . In our study, water composition in each combination was consistently found as a key variable to the determination of run time patterns. At low water content (≤20%), CCs were eluted rapidly from the column (~10 min). However, significant increases in run time were accompanied by increased water content (e.g., 30 and 35%) ( Table 5) . Because of the effect of water content on run time, the best resolution (or maximum separation) of CCs was attained with the ternary phases with the increasing water content (e.g., 30%).
The Use of Methanol/Water (M/W) Ratio to Evaluate the Relative Performance of Key Parameters
To learn more about the relative importance of different parameters on a parallel basis, we applied the M/W ratio to assess relative performance between different mixing conditions. The use of this ratio was considered because water content is a sensitive component of the analytical trend, and methanol is the dominant component of the ternary phase. Hence, all the results expressed in relation to the three variables (i.e., resolution, sensitivity, and run time) can be reorganized to allow a direct comparison against the M/W ratio (Table 6 ). The data for each variable were first treated with linear regression analysis to predict the goodness-offit for our data. These datasets were evaluated further to assess their relative significance in terms of correlation strengths. The results of individual variables against M/W ratio, summarized in Table 6 , indicate that the strongest relationship with M/W ratio is found from the run time data, followed by R s value and slope value. The changes in M/W ratio were fairly sensitive enough to alternate the trend of run time with a statistical significance. If the results are compared by the confidence interval of 95%, the M/W ratio is found to act most effectively on the determination of run time values. The tight relationship between the run time and M/W ratio is found to be significant from all investigated cases. Likewise, the M/W ratio is also found to be a critical variable to determine R s values; a total of 11 (WIM) and 7 (WTM) components are found to be affected significantly by M/W ratio (p < 0.05). In contrast, the effect of M/W ratio variation appears to be the least effective to describe their sensitivity. Their significant relationship is found in as many as six components of the WIM category, while only one case (AR) of WTM experiments appears to be significant with the M/W ratio. As a result, one may conclude that the use of the M/W ratio is a fairly effective tool, although one needs to be more cautious about its relationship between different variables that interact with the HPLC performance.
CONCLUSION
In an effort to provide more pertinent options to CC analysis, we investigated all the optimal conditions of their separation based on ternary mobile phases. To this end, three types of ternary mobile phases (i.e., WIM, WTM, and WIT) were initially designed and tested in reference to a standard binary mixture (ACN:water). The results indicate that the separation of CCs can be archived in a narrow range of water composition (30 to 35%) in terms of maximum number of quantifiable CCs. The sensitivity of the method was evaluated by calibration slope values of all experiments. The results of this comparison showed that the sensitivity of lighter CCs is generally lower than or comparable to the reference binary (ACN:water) phase, while that of heavier CCs tends to improve significantly. The run time for the full separation of 15 CCs tends to increase, as water composition increases gradually. Nonetheless, this run time effect is helpful in achieving a better resolution for the peaks that were otherwise separated poorly. In a practical sense, the balance between run time and resolution factors (R s ) should be considered in a real situation. In addition, the relative patterns of R s were seen to differ slightly between the WIM and WTM phases. Besides, complete separation of peaks was attained rather scarcely among the heavy CCs, e.g., OT (11), MT (12) , and PT (13) , and some lighter CCs. Such problems were resolved in the course of experiments by increasing the water composition in the mobile phase to a maximum permissible degree. In conclusion, experiments conducted at the higher content of water (or lower M/W ratios) showed near optimal conditions for the separation of the aldehyde/ketone mixture at the cost of extended run time. In this study, the relative performance of ternary mobile phases for all different compositional settings was explained by their relationship with water content (or such variables as M/W ratio). As such, the results of this study can be used to provide a formula of mobile phase that can facilitate the analysis of CCs in both real field situations and under laboratory conditions.
